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ABSTRACT Phylogenetic analysis of ribosomal RNA se-
quences obtained from uncultivated organisms ofa hot spring
in Yellowstone National Park reveals several novel groups of
Archaea, many of which diverged from the crenarchaeal line
of descent prior to previously characterized members of that
kingdom. Universal phylogenetic trees constructed with the
addition of these sequences indicate monophyly of Archaea,
with modest bootstrap support. The data also show a specific
relationship between low-temperature marine Archaea and
some hot spring Archaea. Two of the environmental sequences
are enigmatic: depending upon the data set and analytical
method used, these sequences branch deeply within the Cre-
narchaeota, below the bifurcation between Crenarchaeota and
Euryarchaeota, or even as the sister group to Eukaryotes. If
additional data confirm either of the latter two placements,
then the organisms represented by these ribosomal RNA
sequences would merit recognition as a new kingdom, provi-
sionally named "Korarchaeota."

Phylogenetic analysis of molecular sequences has transformed
our view of the course of evolution and allowed, for the first
time, determination of a meaningful evolutionary history for
prokaryotes (1). The most widely used molecule for phyloge-
netic analysis is small-subunit ribosomal RNA (rRNA). Most
rRNA sequence diversity is found among microorganisms,
both prokaryote and eukaryote; however, our understanding
of microbial diversity has been incomplete because only a small
fraction of naturally occurring microorganisms are routinely
cultivatable in laboratory studies (2, 3). This technical hurdle
has been overcome by the development of methods to obtain
and analyze rRNA sequences from microbial communities in
situ, without the requirement for laboratory cultivation of
isolated species (4). The methods have allowed the identifi-
cation and study ofmany previously undetected organisms (see
ref. 1 for review).

Recent rRNA sequence-based analyses of the microbial
constituents of a hydrothermal pool in Yellowstone National
Park and of marine picoplankton have expanded the range of
phenotypes and phylogenetic types of organisms known from
the archaeal kingdom Crenarchaeota. Previously, this king-
dom was thought to comprise an evolutionarily close-knit
group of a few genera, united by an extremely thermophilic,
sulfur-metabolizing phenotype (5). Discovery of rDNAs rep-
resenting abundant, (presumably) low-temperature Crenar-
chaeota in temperate and Antarctic marine waters demon-
strated greater physiological diversity than was previously
known (6-9). Our initial study of the community of Obsidian
Pool, a near-boiling (74-93°C), neutral pH hot spring (previ-
ously called "Jim's Black Pool") indicated the presence of at
least 17 unknown organisms, most of which are only distantly
related to cultivated crenarchaeal species (10).

We report here the discovery of 19 additional novel archaeal
sequences from this hot spring. These sequences, in combina-
tion with those reported previously, greatly expand the appar-
ent diversity of Archaea. Among these sequences are two that
group specifically with those of low-temperature marine Ar-
chaea, and two that branch prior to the diversification of all
previously known Archaea in phylogenetic analyses that in-
clude both bacterial and eukaryotic outgroup taxa (but behave
differently in analyses that exclude eukaryotes). This indicates
that these sequences may represent a third, heretofore unde-
scribed kingdom of Archaea.

MATERIALS AND METHODS
Ribosomal RNA gene (rDNA) sequences were obtained from
organisms within the Obsidian Pool sediment community via
polymerase chain reaction (PCR) amplification of total com-
munity DNA, cloning of products, and sequencing, essentially
as described, using PCR primers 23FPL and 1391R (10).
Secondary structure and computer analysis were used to
screen for chimeric sequences (11, 12), and the single sequence
identified as potentially artifactual by this method was ex-
cluded from subsequent analyses. Sequences obtained from
rDNA clones were aligned manually with those obtained from
the Ribosomal Database Project (RDP; ref. 13), R. Gutell
(University of Colorado, Boulder) and E. DeLong (University
of California, Santa Barbara), using rRNA secondary struc-
ture to identify homologous regions. Two alignments were
assembled: one ("large"; 1620 positions) included all alignable
positions, while the other ("small"; 922 positions) included
only those sites alignable among all domains. (All rRNA
sequence alignments used in this analysis are available at
http://www.bio.indiana.edu/- nrpace/pacelab/pub-
lished/and from the authors.) Distance matrix analysis of
sequences was performed by using PHYLIP (version 3.5, dis-
tributed by J. Felsenstein, University of Washington, Seattle).
Distance matrices were calculated with the program DNADIST
by using the correction for multiple superimposed mutations
and site-to-site rate variation of Jin and Nei (14) with a shape
parameter "a" of 1.3, determined by maximum likelihood
estimation with PAUP version 4.0d40. Trees based on distance
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data were inferred by the neighbor-joining (NEIGHBOR)
method (NJ), and bootstrap analyses utilized 300 replicate data
sets. Unweighted maximum parsimony (MP) analyses were
performed using PAUP (versions 3.1.1 and 4.0d29; D. L.
Swofford, Smithsonian Institution), with trees found by 100
replicates of random-sequence addition heuristic searches and
tree-bisection-reconstruction (TBR) branch swapping on
shortest trees. Maximum likelihood (ML) analyses were per-
formed by using FASTDNAML (version 1.0, distributed by RDP;
refs. 15 and 16), employing empirical base frequencies. The
optimal transition/transversion ratio (T = 1.2) was estimated
by comparing the likelihood under a T of 1.0, 1.1, .. . 2.0 for
an initial tree calculated with T = 2.0. Nonbootstrap trees were
optimized by global rearrangements of branches. Bootstrap-
ping under ML and MP was performed with 100 replicates
using a random addition sequence. An auxiliary program,
DNARATES (13), was used to calculate site-specific rates of
nucleotide substitution for each position in the alignment, and
these rates were used in some ML analyses and in determining
rate categories for analyses that excluded rapidly evolving
positions. Since sequences of widely varying base composition
(41-68% G+C) were analyzed, NJ and MP analysis of trans-
version events alone (17), and NJ analysis of distance matrices
produced by LOGDET (18) using all characters and with a
correction for the estimated fraction of invariant positions,
also were used. The fraction of invariant sites was estimated by
ML estimation with PAUP version 4.0.d34 using the F84 model,
empirical frequencies, and T = 1.2.

RESULTS AND DISCUSSION
Phylogenetic Analysis of Obsidian Pool rRNA Sequences.

The abundance of previously unknown archaeal sequences
detected in the first analysis of the Obsidian Pool community
(10) indicated that further survey likely would identify addi-
tional novel types. In the present analysis, 141 insert-
containing clones were screened by single-nucleotide (ddG)
sequencing, and 26 distinct sequence types were identified.
Only five of these (pJP6, pJP8, pJP27, pJP74, and pJP78) were
among the 11 sequences analyzed in the first study. Approx-
imately 500 nt of sequence were obtained from each of the 21
new rDNA types, and these were used in preliminary phylo-
genetic analyses (not shown) together with sequences from the
first analysis and from the RDP data base. Thirteen Obsidian
Pool clones representative of distinct evolutionary groups were
sequenced (=1330 nt). A phylogenetic tree of all full-length
and partial sequences from both Obsidian Pool analyses (32
sequences total) was inferred by ML analysis (Fig. 1).
Most of the sequences obtained from Obsidian Pool affili-

ated with the crenarchaeal kingdom of Archaea (Fig. 1). A few
of the sequences (pSL91, pJP74, pJP7, pJP8, pSL60, pJP6,
pJP81, pJP9, and pSL23) were highly similar to the rRNA
sequences of cultivated Archaea, but none was identical to any
available sequence from a cultivated organism. Representa-
tives of all previously known families of Crenarchaeota are
present in this hot spring. Two sequences (pSL12 and pSL77)
group specifically with SBAR5, a sequence from recently
discovered Crenarchaeota of pelagic marine picoplankton
(ref. 6; see below). Only two sequences of euryarchaeal
affiliation were obtained (pJP9 and pSL23). These were highly
similar to that of the thermophilic sulfate-reducing marine
organism Archaeoglobus fulgidus (19). The majority of the
sequences, however, show no close affiliation with the rRNA
of any cultured Archaea. Most of these sequences branch more
deeply from the crenarchaeal line of descent than do those of
cultured species. The kingdom Crenarchaeota had been
thought to be restricted to a few genera, closely related in
physiology and phylogeny (5). Consequently, these novel lin-
eages substantially expand the known phylogenetic diversity of
Crenarchaeota.
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FIG. 1. Phylogenetic tree of rDNA clones from Obsidian Pool,
illustrating the wide diversity of Archaea present in the community.
Sequences recovered from sediment organisms (designated "pJP" and
"pSL") were analyzed with sequences from cultured archaeal species
(in italics) obtained from the RDP data base. "Marine SBAR5"
sequence is that of clone SBAR5 recovered from Pacific marine
bacterioplankton by DeLong (6). Tree was inferred by ML analysis as
described in the text, and is arbitrarily rooted in the pJP27/pJP78
lineage. Scale bar represents 10 mutations per 100-nt sequence
positions. Sequences of clones designated with asterisks (*) were
determined in their entirety, and eight of these were used in the three
domain analysis of Fig. 2. Sulf. acidocald., Sulfolobus acidocaldarius;
Mb. formicicum, Methanobacteriam formicicum; Mc. vannielii, Meth-
anococcus vannielii; Mpl. limicola, Methanoplanus limicola; Hf volca-
nii, Haloferax volcanii.

Three-Domain Analyses of Obsidian Pool Sequences. To
examine the evolutionary relationships of the Obsidian Pool
sequences to members of the domains Archaea, Bacteria, and
Eucarya, to provide adequate outgroup sequences, and to
determine the, effect of inclusion of these new, deeply branch-
ing sequences on the topology of the universal tree, eight
representative Obsidian Pool sequences (pSL4, pSL12, pSL17,
pSL22, pSL50, pJP27, pJP78, and pJP96) were aligned with
those of 56 additional species representing the three domains.
Taxa were chosen to sample broadly the diversity within each
domain and to emphasize deep-branching sequences. The ML
tree determined from the 1620-nt data set is shown in Fig. 2.
Since phylogenetic analysis can be affected by the assumptions
inherent in the analytical technique chosen (22), we compared
trees constructed with NJ, MP, and ML algorithms, and
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FIG. 2. "Universal" unrooted phylogenetic tree showing positions of major groups of sequences recovered from the Obsidian Pool community.
Tree was inferred by ML analysis of 1620 homologous nucleotide positions of sequence from each organism or clone. Numbers indicate percentage
of bootstrap resamplings that support indicated branches in ML (before slash) and MP (after slash) analyses for those groups only that attained
>60% support with at least one of the two methods. Analyses of duplicated protein genes have placed the root of the tree on the branch at the
base of the Bacteria (20, 21).

bootstrap analysis was performed wherever practical (23).
Because of concern that site-to-site rate variation might affect
the analysis, Jin and Nei correction (14) was used to calculate
distances for the distance analyses presented here, and
DNARATES was employed to determine rate categories for

some ML analyses (13). As expected, most conflicts between
trees determined with different analytical methods occurred in
portions of the tree having weak bootstrap support.

Within the bacterial domain, thermophilic species were
found as the most deeply branching sequences, although
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bootstrap support for this was lower in the four analyses which
compensate for base-compositional bias (data not shown).
Aquifex is supported as the most basal lineage (24, 25), and a
few bacterial groups were strongly supported (Fig. 2). How-
ever, relative branching orders among most of the bacterial
groups were poorly resolved, consistent with previous analyses
using rRNA (26, 27) and other molecules (28-30). Among
Eucarya, sequences from organisms lacking mitochondria
(Tritrichomonas, the diplomonads Giardia and Hexamita, and
the microsporidia Vairimorpha and Encephalitozoon) branch
most deeply. Consistent with other small subunit rRNA anal-
yses (31), however, the branching order among these taxa was
not strongly supported. Other features of the eukaryotic
topology also are generally consistent with previous rRNA
analyses (31), although many of these features do not have
strong bootstrap support.

Analyses using both the 1620-character and the 922-
character data sets yielded generally similar results. In the
archaeal domain, the larger character set showed enhanced
resolution among the terminal taxa, but reduced resolution at
the base of the domain (Fig. 3). In analyses utilizing either data
set, the tree was fairly well resolved within the archaeal
domain. The clades of Thermoproteus/Thermofilum and Pyro-
dictium/Desulfurococcus/Sulfolobus are consistent with previ-
ous analyses (32), as is the association between the phenotyp-
ically disparate Methanomicrobiales (Methanospirillum) and
extreme halophiles (Haloferax) (33). The gene rpoB is divided
into two parts in Archaeoglobus, halophiles and methanogens
(although rpoB in Methanopyrus has not been studied), imply-
ing that these taxa form a group to the exclusion of Thermo-
coccus, Thermoplasma, and all other taxa (34), but we did not
observe such a group in our analyses. Methanopyrus consis-
tently appears as the first branch in the Euryarchaeota, as
previously seen (35). Six of the eight Obsidian Pool sequences
analyzed (pSL4, pSL12, pSL17, pSL22, pSL50, and pJP96)
affiliate consistently with the Crenarchaeota, but branch more
deeply from the crenarchaeal lineage than any cultivated species.

Relationship of Obsidian Pool Sequences to Marine Cren-
archaeota. This study also identified close, probably thermo-
philic relatives (pSL12 and pSL77) of recently discovered,
abundant Crenarchaeota from diverse coastal and open ocean
sites in the North Pacific and Antarctic (represented by
sequence "marine SBAR5" in Figs. 1 and 2; refs. 6-8).
Previous analyses were unable to resolve the phylogenetic
position of these marine rRNA sequences within the Crenar-
chaeota, but indicated that they constitute a deeply branching
group (6, 9). In the present analysis, the Obsidian Pool pSL12
sequence always formed a well-supported clade with the
marine sequence (Fig. 2). Although the marine sequence has
a lower G+C content (51% G+C in the large character set)
than those of other Crenarchaeota (58-68% G+C), this was
found to have little effect on the strength of the grouping in
transversion and LOGDET analyses (not shown). The relatively
low G+C composition of this and other marine archaeal rRNA
sequences, together with their cold-water source, indicate that
the organisms contributing these sequences, in remarkable
contrast to all other characterized Crenarchaeota, are proba-
bly not thermophilic. The higher G+C content of the pSL12
sequence (58%), as well as its hot spring source, indicate origin
from a thermophilic organism. The specific affiliation of the
pSL12 and marine sequences and their nested position within
other thermophilic lineages implies that the low-temperature
marine Archaea are descendants of ancestral thermophiles.
The uniform occurrence of thermophilic lineages near the base
of the archaeal tree indicates that the common ancestor of the
Archaea was thermophilic and is consistent with the theory of
a high-temperature origin of life (1).

Analysis of Archaeal Monophyly. The three-domain align-
ments also were used to examine the question of monophyly of
Archaea in light of the extensive phylogenetic diversity intro-
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FIG. 3. Summary of phylogenetic analyses, emphasizing position of
pJP27/pJP78 lineage. Key features of the trees found by different
phylogenetic methods and with different taxon and character sets are
shown. Each column (f-j) refers to the branch indicated by the arrow
on the tree at the top of the column. The topology of the best tree(s)
found is indicated by shading (except in column f). C, Crenarchaeota;
Y, Euryarchaeota; *, pJP27/pJP78; E, Eucarya; B, Bacteria. Numbers
indicate bootstrap support for that topology, blank boxes indicate a
bootstrap value below 10%, and dashes indicated analyses where
bootstrap analysis was not performed. The columns are as follows. (a)
Number of sequences used in analysis. AB, archaeal and bacterial
sequences only; AE, archaeal and eukaryotic sequences only; t,
sequences pJP27 and pJP78 excluded from analysis. (b) Size of data set
used in analysis. Small, 922 unambiguously alignable nucleotides for
each sequence; large, 1620 positions (1394, 1351, and 1098 nt of
sequence for archaeal, bacterial, and eukaryotic taxa, respectively). (c)
Character selection. tv, Analysis of transversion events only; ni, no
invariant positions analyzed; 1-4 and 1-3, analysis of rate categories 1-4
and 1-3, respectively, as determined by DNARATES. (d) Analysis method.
ML, maximum likelihood; MP, maximum parsimony; NJ, neighbor
joining distance matrix. (e) Method of data correction. DR, maximum
likelihood site-to-site rate correction by DNARATES; JN, distance matrix
site-to-site rate correction; LD, LOGDET correction for base compositional
bias. (f) Bootstrap support for monophyly of Archaea, including pJP27
and pJP78 sequences. The best tree is not shown because this information
is given in columns g and h. (g) Branching of pJP27/pJP78 clade from
below crenarchaeal/euryarchaeal split. (h) pJP27/pJP78 grouping with
Crenarchaeota. (i) pJP27/pJP78 lineage grouping with Eucarya. (j)
pJP27/pJP78 grouping with Crenarchaeota and Eucarya. Values below
50% are considered unreliable.

Microbiology: Barns et al.



Proc. Nati. Acad. Sci. USA 93 (1996)

duced by the Obsidian Pool sequences. Previous analyses of
rRNA data generally have been limited both in use of consis-
tency measures (i.e., bootstrap analysis) and/or number of
archaeal sequences analyzed. Most analyses of rRNA (and
other) sequences have indicated that Archaea constitute a
monophyletic group (20, 27, 36). However, some analyses of
protein sequences (21) and ofrRNA sequences using different
techniques (37) group Crenarchaeota with Eucarya, to the
exclusion of Euryarchaeota and Bacteria. Only moderate
(52-78%) bootstrap support for archaeal monophyly (with
respect to Eucarya) has been reported recently for large
subunit rRNA data (27), while the latest elongation factor
analyses modestly support (35-89%) archaeal paraphyly (21).
Whereas the bacterial and eukaryotic domains were mono-
phyletic with 100% bootstrap support in all of our analyses,
support for monophyly of Archaea varied with the analytical
method used (Fig. 3, column f). All parsimony analyses
strongly support archaeal monophyly (95-99%), while support
for monophyly is lower in the ML (53-82%) and NJ analyses
(38-89%). Similar results were seen when pJP27 and pJP78
were excluded from analyses (Fig. 3). Nonetheless, there is
little or no bootstrap support (-28%; Fig. 3, column j) for the
association of Crenarchaeota with eukaryotes, to the exclusion
of Euryarchaeota and Bacteria (the "eocyte tree"; ref. 37).
The issue of archaeal monophyly is best viewed as a problem

in the placement of eukaryotes with respect to Archaea.
Because of the very long branch leading to the eukaryotes and
the extreme rRNA divergence within this domain, it is to be
expected that this group will be difficult to place with confi-
dence (29, 38). The difference between archaeal monophyly
and paraphyly involves movement of the eukaryotic branch
across a single node involving two long branches (leading to
Eucarya and Bacteria) and two short branches (leading to
Crenarchaeota and Euryarchaeota). Thus, although small
subunit rRNA data favor archaeal monophyly, unequivocal
resolution of the origin of eukaryotes will require further data
from additional genes. This analysis also highlights the need
for better molecular phylogenetic methods for resolving rela-
tionships among anciently diverging lineages.

Phylogenetic Position of Sequences pJP27 and pJP78. The
most'problematic sequences in our analysis were 'those from
pJP27 and pJP78, which consistently group together. Most of
the phylogenetic analyses carried out in the initial report (10)
on Obsidian Pool placed the pJP27 and pJP78 sequences in the
Crenarchaeota, but bootstrap support was modest in the two
analyses presented (57% and 76%). The few analyses that
placed them below the Crenarchaeota/Euryarchaeota split
had low (<50%) support. Hence, the pJP27 and pJP78 se-
quences have been regarded as members, albeit deeply branch-
ing ones, of the Crenarchaeota (10, 39). The larger and more
thorough analyses reported here indicate a more complex
situation.
The phylogenetic position of pJP27 and pJP78 varies de-

pending upon the data set and analytical method used. In
analyses that include eukaryotes, these taxa generally fall on
the archaeal lineage, but below the bifurcation between Cre-
narchaeota and Euryarchaeota. This topology occurred, with
moderate to high bootstrap support, in the majority of analyses
including eukaryotes, but a few such analyses showed pJP27
and pJP78 branching with Eukarya, albeit with little bootstrap
support. By contrast, in analyses that exclude eukaryotes, the
pJP27/pJP78 lineage branches below the Crenarchaeota/
Euryarchaeota split in some cases, but groups with the Cre-
narchaeota in others (Fig. 3, columns g and h). Because of the
very long eukaryotic branches, it is not clear whether inclusion
of eukaryotes adds phylogenetic information to the analysis,
'allowing clarification of an otherwise unresolved polytomy, or
adds noise, resulting in a long-branch artifact (38). Analyses
that exclude eukaryotes, however, are inherently unable to
address their position with respect to pJP27 and pJP78.

Since the generally more conservative characters in the 922-
character data set more strongly supported the deep placement
of pJP27/pJP78, we examined the effects of site-to-site rate
variation. Conservative characters as determined by DNARATES,
however, did not conclusively support any one topology (Fig. 3).
Thus three placements of the pJP27/pJP78 lineage must be
considered: within the Crenarchaeota, below the bifurcation
between Crenarchaeota and Euryarchaeota, or with the Eu-
karya. Ironically, the topology modestly favored by elongation
factor data, with Eukarya sister taxon to the Crenarchaeota in a
paraphyletic Archaea (21, 40), although seen only rarely in our
analyses, is consistent with the two extreme placements of pJP27
and pJP78 in these rRNA analyses, within the Crenarchaeota and
as sister taxon to the Eukarya.
Although the present analyses do not unequivocally deter-

mine the placement of the pJP27/pJP78 lineage, they clearly
indicate that this is a noteworthy group. While it is possible that
they are simply another long-branched crenarchaeal group
(analogous to the previously unplaced marine taxa), the data
raise the strong possibility that these sequences represent an
uncharacterized fundamental lineage of Archaea (or perhaps
Eucarya). Because rRNA data favor placement of the pJP27
and pJP78 among a monophyletic archaea, we propose to
recognize this lineage provisionally as a third archaeal king-
dom, the Korarchaeota [Greek noun KOpO(J (koros) "young
man" or KOP7 (kore) "young woman," for the early divergence
of this group during the evolution of Archaea; Greek adjective
apXaLoo (archaios) "ancient, primitive"]. Acceptance or re-
jection of this status and name will require phylogenetic
analysis of other gene sequences from this lineage. These
sequences, as well as an understanding of the physiology and
other properties of the organisms represented by the pJP27
and pJP78 sequences, will be obtained most readily once these
creatures are cultivated (efforts are underway; S. Burggraf,
personal communication). Even if cultivation proves intracta-
ble, methods of large-fragment cloning should allow access to
the genomes of the organisms (41). Recently, a third member
of this group was detected in a separate hot spring environ-
ment (A.-L. Reysenbach, personal communication), suggest-
ing that these organisms are widespread in thermal habitats. A
greater understanding of them may provide an additional
perspective on the nature of life at high temperatures, today
and at the time of the origin of all life.
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